Plastic hollow fibers were made from plastic tubes covered on the internal wall with a metal layer (a-type) or a metal layer and dielectric layer on top of it (b-type). The CO 2 laser energy transmission through the hollow fiber was measured as a function of the radius of curvature and the coupling lens (focal length at a constant fiber length). The yield of the transmission decreased in subtle curvatures (radius of curvature up to 100 cm) and remained almost constant as the curvature became sharper (down to radius of curvature of 13 cm). For the atype fibers, the characteristics of attenuation depended on the focal length of the coupling lenses. The energy distribution at the output was measured and mapped. The experimental results showed that the maximum of the energy distribution is asymetrically positioned relative to the center and closer to the internal wall at a smaller bending radius. This was predicted in our previous theoretical calculation. The value of transmitted power attenuation was up to 1.4 dB/m. Maximum power at the output was 30 W, for a fiber of 50-cm length and a cross-sectional diameter of 1.9 mm. These types of hollow fiber have already been used in surgical experiments on dogs.
Introduction
The problem of transmitting mid-IR energy from the source to a target on a curved trajectory is the main obstacle which limits the use of efficient and intense energy sources (like the CO 2 laser) in medicine and industry for external uses only. For example, if it is possible to make an optical fiber for infrared energy, it will solve the problem of transmitting energy on a curved path and will enable us to carry out medical operations inside a body without the necessity of opening it. Some types of fibers have been developed which are suitable for IR transmission (e.g., KRS-5, silver halides, chalcogenide or fluoride glass). These types of fiber do not fully withstand the criteria for surgical use. Some of these fibers are poisonous (e.g., fibers made of KRS-5 which contain thalium), they cannot be exposed to UV light (fibers made of silver halides), or they are brittle and not flexible enough (fibers made of chalcogenide glass).
To overcome such difficulties a hollow waveguide was developed. The transmission medium is ambient air (which has a transmission window for CO 2 laser radiation -10.6 Mm). The hollow waveguide (used as a fiber) is made of tubes of plastic material (most plastic materials are suitable for this use provided they are flexible) which are covered internally with a thin metal layer (a-type) or with a thin metal layer with a thin dielectric layer on top of it (b-type). Both a-and btypes of fiber retain the mechanical characteristics of the plastic material, i.e., they are light, strong, flexible, and inert. The deposited films on the internal walls cannot influence the mechanical characteristics of the plastic tube since they are so thin.
The radiation is propagated in the hollow space of the tube and is guided by the two thin layers of metal and dielectric. A physical model of the light transmission through these fibers was developed based on a ray model approach. A detailed description of this theoretical model is given in Ref. 1 .
The purpose of this paper is to investigate several experimental parameters of these types of hollow fiber and IR transmission in various conditions.
II. Experiment

A. Preparation of Hollow Plastic Fibers
Hollow plastic tubes commonly used in medicine were coated on the internal wall with metal film 2 -4 or metal plus dielectric films. The entire chemical procedure of deposition is described in our patent. 5 Various types of hollow plastic fiber were used. Dimensions: lengths from 50-150 cm and internal diameter between 1.9 and 4 mm. 
B. Optical Measurements
We used Sharplan 791 and 743 CO 2 lasers which deliver up to 80 W power (at 10.6 m), with randomal polarization. The laser beam was coupled to the inlet of the plastic waveguide, to its center, using concentrating ZnSe lenses (50-, 125-and 340-mm focal length). The flexible waveguide was placed on a horizontal board, on which curved paths were engraved with various radii of curvature (standard length of 50-cm each was employed). The output energy was measured with a pyrometer. The energy distribution at the distal end of the fiber was measured by scanning the output radiation with a pinhole (of 150-,gm diameter). The detector was placed on an XYZ positioner and its output was connected to an oscilloscope. The output energy was measured as a function of x-y position on the screen.
Ill. Results and Discussion
The transmission was measured for a-and b-type of fibers by comparing the output and input energies. The internal diameter (ID) of the plastic tube was 4 mm, the length of the tube was kept constant (50 cm), while altering the radius of curvature. The laser beam was focused toward the center of the plastic tube input. Two extreme cases were investigated: (1) coupling with a short ZnSe lens (f = 50 mm), and (2) coupling with a long ZnSe lens (f = 340 mm). Figure 1 shows the typical behavior for the f = 50-mm lens. The energy transmission in the a-type fiber decreases sharply for subtle curvature but remains almost constant when the curvature becomes sharper. Radii of curvature of 80 cm and 13 cm give almost the same value of energy transmission. The importance for practical application, particularly for medical use, is that the transmitted energy is almost independent of the curvature; thus, there is no need to compensate for the bending losses by supplying more energy from the laser source.
For the b-type fibers, the dielectric layer on top of the metal layer increased transmission from 40% to -60%. The slope of the curve of transmitted energy as a function of curvature is different from that of a-type fiber, since the transmission in this fiber decreases slowly, almost linearly with increasing curvature. The transmitted power is always higher in the b-type fiber than in the a-type fiber. This gives an advantage in practical uses to the b-type plastic fibers. The coupling between the fiber and laser affects the energy transmission. Figure 2 shows that longer focal lenses (340 mm) do not change the characteristics of transmission in the a-type fiber compared to that of the short focal lens (50 mm). Unlike the previous case (Fig. 1) , the transmission through b-type fibers decreases faster when a long focal lens is used compared to short focal lens coupling. The reason for this behavior might be attributed to the fact that in the dielectric layer, the optical path for a short lens is longer and the angle of reflection is smaller compared to that of a long lens. The experimental results obtained are in good agreement with our theoretical ray model. ' Attenuation measurements were performed using the cutback method. 6 The input power and the radius of curvature (30 cm) were kept constant and the output power was measured after removing the distal parts of the fiber. Figure 3 shows the results of attenuation measurements when coupling with a short lens. The achieved values derived from the slope of the curve were 9.3 dB/m for the a-type fiber and 5.3 dB/m for the b-type fiber; hence it shows the improvement in attenuation due to the dielectric layer.
As can be seen in Figs only from one side of the internal wall [ Fig.4(b) ]. This last mode of propagation is called the whispering gallery mode. 8 9 The conditions for both modes of propagation are analyzed below. Let us take a fiber with inner diameter of 2d and a radius of curvature R. By coupling a ray to the bent fiber at an angle a, two incident angles 01 and 02 between the ray and normal to the wall appear in case (a) [ Fig. 4(a) for 02 = 900, the two modes of propagation are separated. From Eq. (2) we derive:
For this condition we get the case shown in Fig. 4 (a) where a is given by: (4) where r(lens) is the radius of the coupling lens and f is the focal length of the lenses. (2) The energy distribution at the output of the fiber was measured according to the conditions derived we obtain a = 6.78° and cosa = 0.9933. This fits well to the case shown in Fig. 4(a) . For f = 340 mm, we obtain a = 1 and cosa = 0.9998. This fits to the whispering gallery propagation shown in Fig. 4(b) . The energy distribution at the outlet was measured for these two cases and gave symmetric shape for the first case (Fig. 5) , and an asymmetric shape for the second case (Fig. 6) . Several plastic tubes of smaller diameter (O.D. = 2.8 mm, I.D. = 1.9 mm) were also made and used for surgical experiments. Employing the same procedure as before, these tubes were chemically plated with metal and dielectric layers on the inner wall (ie, a-and b-type fibers were made). The output energy of such fibers of b-type as a function of curvature is shown in Fig. 7 . A modest, almost linear increase in the attenuation appears as the curvature sharpens. The higher input powers tend to increase the attenuation and the energy losses, especially in high curvatures, although the influence of the curvature is not very strong.
All the curves shown in Fig. 7 are concentrated in the same range of attenuation values (0.5-3 dB/m). The fluctuations of the values shown in the curves and the crossing between them are the results of irregularities on the internal walls which comes from rippled plastic walls and due to the batch, hand processes for preparing the fiber.
An important characteristic of these fibers is their ability to withstand high energy fluxes for a long period, without reduction in transmission. This is important to the end user of such a device. The influence of high input energies, and times of exposure, on the transmission at a fixed curvature (R = 0.5 m) were measured and summarized in Table I . The power at the output was slowly increased between the time of coupling the radiation to the fiber and the beginning of transmission decrease.
It is important to emphasize that the times given above are minimal. Higher times might be achieved. The transmission was constant throughout the time of the experiment. The energies and times are higher than those needed for medical use.
These fibers have already been used for medical experiments. The purpose of these medical experiments was to prove the ability of the fiber as an energy carrier from the laser to a target in an animal body (dog). Partial results were reported elsewhere. 7
IV. Conclusions
The following conclusions can be drawn from our results:
(1) A novel hollow plastic fiber for high CO 2 laser energy transmission was made by depositing metallic (a-type) or metallic with dielectric layers on the internal walls of a plastic tube (b-type). This fiber transmits high values of CO 2 laser energy when straight or bent with low attenuation.
(2) Bending of the fiber, after a critical small value, has a minor influence on the attenuation. The fiber retains its low attenuation even at high input energies. The transmitted energy is larger than needed for practical applications in medicine. 
3) It was shown experimentally that the transmitted energy can be concentrated near to the wall (whispering gallery) in certain conditions. (4) Focal length of coupling lenses have an influence on transmitted power of b-type fibers.
